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formation and structure for a wide range of bacteria. Various bacterial activities including cell growth and cell death, nutrient acquisition, waste product accumulation, secretion, motility mechanisms, and exopolysaccharide synthesis can all influence the structure and emergent attributes of biofilms.
Biofilms, colonies and wrinkles.
Not surprisingly, many of the same properties that are key to biofilms also impact the morphology of simple colonies on solid medium. Although it has long been debated in the biofilm community whether a bacteriological colony should be considered a specialized type of biofilm, it is unquestionable that colony morphologies can effectively reflect some of the important attributes of biofilms. At the Biofilms 2012 conference, it was striking how prominently the analysis of bacterial colonies featured in many different research contexts, and several of the most exciting presentations were squarely focused on understanding the dynamic structures of these colonies. How do bacterial assemblies, in particular colonies on solid growth medium, develop higher order conformations such as complex wrinkling patterns ( Fig. 1) The detailed answers to this seemingly simple question are beginning to emerge through a combination of molecular genetics, advanced microscopy, and biophysics. Wrinkle formation includes localized cell death, exopolysaccharide production, extracellular DNA release and fibers or amyloid proteins. These answers pervade many aspects of current biofilm research but also harken back to an earlier time in microbiology when biofilms were undefined, and colonies, wrinkled, rhizoid, rugose or otherwise ( Fig. 1) , were the most visible and recognizable
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manifestation of the microbial world. In the summaries of oral presentations and posters that follow, the influence of the simple bacterial colony should not be underestimated nor overlooked.
Biofilm morphology and colony structure
Studies of surface-adherent biofilms have revealed an even greater level of heterogeneity than that within colonies, with complex chemical gradients and physiologically distinct subpopulations. Furthermore, unlike colonies, natural biofilms are often composed of multiple bacterial species and can show dramatically more complex structure and segregation of activity.
Even so, properties of colonies can often predict certain important attributes of biofilms. The formation of wrinkles in colonies is one such example, where mutant derivatives that either develop or abolish wrinkles also manifest qualitative differences in biofilm formation and structure. The analysis of wrinkle formation provides fundamental information on how structural patterns can develop. Gurol Suel and colleagues have investigated the spatiotemporal dynamics of cell death, movement and mechanical processes during self-organization of Bacillus subtilis cells into wrinkled colonies. As presented at the Biofilms conference by Munehiro Asally it was determined that localized patterns of cell death, combined with passive and active cell population expansion are coincident with areas of the colony that will develop wrinkles ( Fig. 2) . Production of extracellular matrix components physically confines cells in space which over time results in the build up of compressive forces that contributes to the tendency of the entire colony structure to begin to buckle and wrinkle (1) . This analysis has led 4 4
to a remarkably detailed view of wrinkle formation, and provided striking snapshots of the buckling process in action. One of the outstanding remaining questions is what drives the cell death and whether it is a passive or active process.
David Weitz has collaborated with Richard Losick using a rheological approach to examine the wrinkly colony phenotype exhibited by B. subtilis ( Fig. 1 ). Matrix components, including the rigid TasA amyloid-type polymer, and the more elastic exopolysaccharide, that impact biofilm formation also dictate the colony morphotypes observed (2) . given by Blaise Boles. He discussed the importance of amyloid-like fibers consisting of small peptides (phenol soluble modulins, PSMs) in the formation of S. aureus biofilms. Interestingly, whereas polymerized PSM peptides are an important biofilm stabilizing component, the addition of soluble PSM peptides disperse biofilms (6) . A poster presented by Will DePas from the M. Chapman Lab, University of Michigan, reported microscopic analysis of the distribution of amyloid fiber-expressing subpopulations of E. coli within rugose colony wrinkles induced by iron stress. High resolution imaging revealed bacteria on the surface of the wrinkle to produce curli fibers and cellulose whereas cells on the interior of the wrinkle did not do so. The dense matrix on the exterior of the wrinkle is coincident with greater resistance to oxidative stress ( 7).
The striking images presented in this poster were awarded one of the two Terry Beveridge
Poster Awards for Excellence in Biofilm Microscopy. Clay Fuqua reported on recent work from the alpha-proteobacterium Agrobacterium tumefaciens in which the motile-to-sessile switch, particularly the production of a unipolar polysaccharide adhesin, is highly dependent on c-di-GMP synthases, diguanylate cyclases with GGDEF domains. These enzymes are under the control of a pair of transcription factors known as VisN and VisR, which regulate motility and attachment in opposite directions, and function as a major decision point for the transition from free-living to sessile growth modes. Ruchi Jain reported that FimX, a GGDEF/EAL protein suggested to bind and degrade c-di-GMP, is required for type IV pili assembly in P. aeruginosa under low c-di-GMP concentrations. Thereby, binding of c-di-GMP to the EAL domain of FimX seems to be important for its localization to the cell poles, whereas release or hydrolysis of c-di-GMP may also be required for pilus assembly (11).
10
The response of bacteria to surface attachment can be complex, and Thomas K. Wood presented findings on the MqsR-MqsA toxin-antitoxin (TA) system that was first discovered to be up-regulated during biofilm formation in E. coli and with increased levels of c-di-GMP. The
Mqs system in turn regulates a newly discovered TA system called GhoT-GhoS, described as the first type V TA system, in which the antitoxin acts by cleaving the ghoT transcript, encoding the toxin. These systems can act as global regulatory circuits, which in these specific examples are integrated with the adaptation to surfaces. Alain Filloux presented data on the role of twocomponent systems on P. aeruginosa biofilm formation. The production of exopolysaccharides is controlled by a complex regulatory system involving the sensor kinases RetS, GacS and LadS and small regulatory RNAs, as well as c-di-GMP (12) . The production of Cup fimbriae, particularly CupD, is controlled by another two-component system, Rcs/Pvr, in which the activity of the response regulator RcsB is controlled by a kinase, PvrS, and a phosphatase, RcsB (13) (14) (15) . Gerard Wong reported on how the production of the Psl exopolysaccharide impacts P.
aeruginosa surface behavior. Since P. aeruginosa can both secrete and associate with Psl, the more Psl there is on a local surface region, the higher the probability of additional Psl deposition in that region (described as "the rich get richer" model). Wong et al showed using an arabinose-controlled promoter mutant that they can continuously tune surface usage via different degrees of Psl production, and predict where microcolonies are formed (16) . G. Wong also addressed physical aspects of social motility in Myxobacteria, where a chaotic stick-slip motion (analogized as a process similar to earthquakes) is only observed in bacteria producing an EPS with lubricant-like rather than cellular glue-like properties.
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The lead-off keynote presentation in the opening session of pneumoniae impaired the deposition of complement components C3b and C1q, and also contributed to resistance against phagocytosis by human neutrophils.
New insights into chronic biofilm diseases
Bacterial pathogens that cause acute infections are generally dispersed planktonic bacteria, whereas those that cause chronic infections and can persist for decades have evolved ways to join together into biofilm communities that resist antimicrobial therapy and immune defense mechanisms. Aspergillus fumigatus has been described as a key fungal pathogen in the cystic fibrosis lung. Gordon Ramage presented an in vitro model to monitor adaptive antifungal resistance mechanisms. A. fumigatus biofilms exhibited a phase dependent resistance against antifungal agents (42) and transcriptional analysis revealed a higher expression of drug efflux 21 21 pumps in more developed biofilms (43) . Furthermore, eDNA which is released in a phasedependent manner is not only important for the biofilm architecture but also contributes to resistance (44) 
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Antibiofilm strategies
The recalcitrance of bacterial biofilms to classical antibiotic treatment regimens emphasizes the need to develop novel approaches to reduce bacterial attachment to abiotic surfaces and/or to eradicate existing biofilms. Ehud Banin presented exciting work on the use of sonochemistry to synthesize nanoparticles with anti-biofilm properties (50) . The synthesis of metal oxide and metal fluoride nanoparticles that inhibited biofilm development in a number of bacterial pathogens holds promise for a novel anti-biofilm strategy that could be clinically useful.
Interestingly, nano-antibiotics that were generated by the use of sonochemistry proved to be more active and more effective against drug resistant pathogens. This effect might be due to improved permeability through the cell wall as well as override of bacterial antibiotic resistance mechanisms (e.g. efflux pumps or enzymes capable of degrading the antibiotics. A recognized problem in treating biofilms is the presence of small but significant persister cell populations that are physiologically tolerant toward antibiotics (51). Jean-Marc Ghigo discussed whether the alleviation of persister cells within biofilms and the simultaneous administration of potent antibiotics could be an effective strategy to combat biofilm infections. Since the level of the proton motive force influences sensitivity to antibiotics (e.g. tobramycin due to an increased uptake of the antibiotic), elevation of the pH should lead to a decrease in antibiotic resistance.
Indeed the addition of alkaline amino-acids such as arginine not only increased the pH but also significantly enhanced bacterial susceptibility. A promising combination therapy was demonstrated using an implant venous access catheter model in rats, for which gentamicin,
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ineffective on its own, becomes quite effective when combined with the basic amino acid arginine (52) .
Tim H. Jakobsen highlighted the use of the anti-quorum sensing activity of ajoene isolated from crude garlic extracts for the development of a novel anti-biofilm strategy (53). Ajoene exhibited a clear synergistic effect with tobramycin on P. aeruginosa biofilms in vitro as well as in vivo and prevented killing of polymorphonuclear leucocytes in vitro. In order to expedite the identification of new antibiofilm compounds, approaches for large scale screens are important.
Roger Linington presented a image-based screening system that can be exploited for the discovery of novel biofilm-inhibiting compounds. This open source screening tool available through the University of California San Diego Chemical Screening Center has already identified new natural products with activities against Pseudomonas and Vibrio biofilms (54) . Biofilm inhibitors were reported that could both inhibit the formation of new biofilm structures, and induce the detachment of preformed biofilms. Finally, it was shown that one of these inhibitors has the ability to sensitize preformed biofilms to the effect of antibiotics including tetracycline and ciprofloxacin. Ronn S. Friedlander presented data using a defined in vitro assay to demonstrate that mucin biopolymers prevent surface colonization of pathogenic bacteria. The mucins promote bacterial segregation and inhibit attachment; however, these effects were shown to be overcome by non-motile alginate-and Psl-producing P. aeruginosa bacteria, which form suspended aggregates. In a departure from chemical approaches to anti-biofilm strategies, Paul Stoodley presented the work of his PhD student Amir Rmaile who employed 26 26 high speed imaging technology to provide a detailed analysis of the forceful dislocation of a dental biofilm from the interproximal space between teeth by an AirFloss device, which creates bursts of water with an initial velocity of 60 m/s. The shear stress and its spatial distribution as generated by the AirFloss device played the key role in efficient biofilm removal.
In a twist on the theme of enhanced antibiotic tolerance in biofilms, Anna Fàbrega Santamaria reported that development of ciprofloxacin resistance in Salmonella typhimurium compromised its ability to form biofilms, for which she was named recipient of the one of the Peter Gilbert
Poster Awards for Excellence in Innovation and Biofilm Control.
Ecology and Evolution in Microbial Communities
The effects of biodiversity on ecosystem function in the face of varying degrees of environmental selective pressures have been intensively studied in microbial communities. The prominence of bacterial colonies as biofilm models was re-visited in this session. Kevin Foster concentrated on the question of the degree to which cells cooperate within biofilms. By combining simulation modeling (55) and experiments with Pseudomonas species bacterial colonies (56), spatio-genetic structure was shown to be critical for the emergence of cooperative phenotypes. In colonies mucoid variants arose frequently due to mutations in the regulator rsmE whereas when colonies were regularly dispersed, the mutant's advantage over WT was removed. In contrast, when multi-species bacterial consortia were examined, competition appeared to be more important than cooperation (Foster and Bell 2012). Søren
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Molin presented work on the adaptive processes of P. aeruginosa in association with establishing chronic infections in cystic fibrosis airways, which involve generation of genetic variants that come to dominate these clinical populations (57) . P. aeruginosa morphotypes that are commonly recovered from the chronically infected CF lung are mucoid isolates producing excessive amounts of the exopolysaccharide alginate, most arising due to mutations in mucA, an anti-sigma factor that inhibits the alternative sigma factor AlgT which positively regulates alginate production (58) . However, some of the dominant CF isolates are stably non-mucoid, and the genetic basis for this is also mutation of the MucA-AlgT pathways. In such variants mucoidy can occur due to the emergence of loss-of-function mutations in the sigma factor 
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We are confident that a compelling, scientifically relevant and diverse program such as that provided in Miami will continue to attract a wide range or researchers at different levels to the areas of biofilms, and catalyze new ideas. Future conferees can look forward to participating in an international and multidisciplinary platform for the exchange of new scientific concepts and the opportunity to learn about and develop novel experimental approaches, cutting-edge technologies and innovative thinking. 
